We use reductive sediment leaching to extract lead (Pb) from the authigenic fraction 3 of marine sediments and reconstruct the Pb isotope evolution of the deep central Indian Ocean 4 over the past 250 thousand years at ~3 kyr resolution.
We recently demonstrated that the reproducibility of sediment leachate Nd isotope 142 data can be sensitive to the solution/solid ratios used during the leaching procedure (Wilson et  143 al., 2013), due to the removal of authigenic components during the decarbonation step and 144 progressive exchange with volcanic components, if present. To test the sensitivity of Pb 145 isotopes to such a process in this location, we leached different sample sizes at two core 146 depths in SK129-CR2 (328 cm within MIS 6 and 424 cm within MIS 7), and also analysed a 147 subset of nine leachates from MIS 6-7 using smaller solution/solid ratios in order to prevent 148 complete decarbonation before HH leaching. 149 150 3.3. Chemical purification and mass spectrometry 151
Full analytical methods are contained in the Supplementary Information and 152 summarised briefly here. The Pb fraction was separated using HBr-HCl chemistry on AG1-153 X8 anion exchange resin. The Pb isotopic composition was analysed on a Nu Plasma multi-154 collector inductively-coupled plasma mass spectrometer (MC-ICP-MS) in the Department of 155
Earth Sciences at the University of Cambridge, using thallium (Tl) as an internal standard to 156 correct for mass fractionation Rehkamper and Mezger, 157 2000) according to an exponential law. Concentration-matched NIST-SRM-981 Pb standards 158
were measured after approximately every five samples, and a linear correction was applied to 159 all data measured in each analytical session to produce agreement with the accepted 160 composition of NIST-SRM-981 Pb (Galer and Abouchami, 1998; . 161 Our external reproducibility for each analytical session, assessed from the standard 162 deviation (2σ) of repeat measurements of NIST-SRM-981, is in the range of 30-180 ppm for 163 206 Pb/ 204 Pb, 60-240 ppm for 207 Pb/ 204 Pb and 50-250 ppm for 208 Pb/ 204 Pb. In addition, two 164 internal standards (leachate samples that had been through column chemistry) were analysed 165 in multiple analytical sessions over three years (n=14-15) and yield typical long term 166 reproducibility (2σ) of 140 ppm for 206 Pb/ 204 Pb, 160 ppm for 207 Pb/ 204 Pb and 190 ppm for 167 208 Pb/ 204 Pb. Replicates of 11 samples analysed in two separate sessions give results that are 168 consistent with that external reproducibility (Table S4) . 169 Full procedural blanks for the sediment leaching were 1.9 ± 0.7 ng (1σ, n=9). In 170 comparison to leachate samples that contained 200-1000 ng Pb, the blank contribution 171 represents only 0.2-1.0 % of the total Pb, which in the worst case would generate an error of 172 ~100 ppm for 207 Pb/ 204 Pb and ~ 400 ppm for 206 Pb/ 204 Pb and 208 Pb/ 204 Pb. Since such errors are 173 comparable to the external analytical reproducibility, and negligible in comparison to 174 downcore variability, no blank correction has been applied. 175 176 4. Results and discussion 177 178
Reconstructing past seawater Pb isotopic composition 179
Our reconstruction of past seawater Pb isotopic composition is based on acid-180 reductive leaching of bulk marine sediments which is used to extract the authigenic phases 181 (Gutjahr et S2 ). In addition, in the top section of the core (8-56 cm), the 198 data are somewhat noisy ( Figure 2 ) and those samples also deviate from the binary mixing 199 line in a manner consistent with anthropogenic contamination ( Figure S2 ). Since the 200 magnitude of contamination required is considerably larger than expected from our procedural 201 blanks, we suggest that such contamination occurred during coring or core storage. For the 202 top section (8-56 cm), we have made a correction for each sample by regressing from the 203
Broken Hill composition onto the best-fit binary mixing lines defined by the remaining 76 204 samples ( Figure S2 ). That corrected data presents a smoother pattern of change across 205
Termination I and a similar glacial-interglacial shift to that observed at previous terminations 206 (Figure 2 ), suggesting that our correction is robust. Therefore, we show the corrected data 207 from 8-56 cm in subsequent time series plots (but do not include that data in Pb-Pb plots). 208 209 4.1.2. Sediment leaching reproducibility 210 Given evidence for a potential sample size effect on the Nd isotopic compositions of 211 sediment leachates (Wilson et al., 2013) , we tested the effect on Pb isotopic compositions at 212 two core depths (328 cm and 424 cm). We see effects from 200 ppm to 2600 ppm on 213 206 Pb/ 204 Pb, 207 Pb/ 204 Pb and 208 Pb/ 204 Pb ( Figure S1 ), representing on average ~10 % of the 214 glacial-interglacial variability in the record. Since these tests represent a worst case scenario, 215 they imply a generally reliable recovery of the authigenic Pb isotope signal. We also analysed 216 a subset of nine samples without complete decarbonation before the leaching (Table S4 ) and 217 these data are in excellent agreement with the decarbonated leachate data. The results of both 218 tests are consistent with a mass balance argument that the recovery of authigenic 219 compositions by sediment leaching should be more robust for Pb than Nd isotopes (Gutjahr et 220 al., 2007) . 221 We also observe good agreement between sediment leachate data from SK129-CR2 222 and ODP 758 (Figures 2, 3 ). Since these cores are located in different settings with different 223 local sediment inputs (Ahmad et al., 2005) , the effect of any detrital or volcanic 224 contamination during leaching would be expected to differ between the cores. Therefore, the 225 similarity of both temporal changes and absolute values provides independent support for the 226 reliable recovery of a regionally-controlled authigenic signature. and Brahmaputra tributaries, its composition does not plot exactly on the mixing line between 286 these endmembers, which may record the effect of mineralogical sorting and/or estuarine 287 processes in a tide-dominated delta. 288
The key point here is that the Ganges-Brahmaputra riverine inputs are well placed in 289
Pb-Pb spaces to represent the radiogenic endmember for the binary mixing array defined by 290 the SK129-CR2 leachates and N-Indian nodules. In particular, we suggest that the Lower 291 Meghna estuarine sediments must play an important role in setting the isotopic composition 292 of Pb inputs to the northern Indian Ocean (Figure 4 ). We also note that the leachate data from 293 SK129-CR2 extend towards more radiogenic Pb isotopic compositions than observed in the 294 N-Indian nodules (Vlastelic et al., 2001) (Figure 4) , with a more radiogenic average value,, 295 which is consistent with a Ganges-Brahmaputra source because SK129-CR2 is more 296 proximally located to that source than those nodules (Figure 1 The benthic oxygen isotope record from SK129-CR2 reflects the combined influences 385 of global sea level, deep sea temperature and hydrography, and therefore provides a good 386 reference frame for the approximate timing of glacial and interglacial periods ( Figure 6 ). In 387 that context, there is a clear climatic modulation of the Pb isotopes at the ~3 kyr resolution of 388 our record. Lead isotopes were more radiogenic during interglacial than glacial periods 389 ( Figure 6 ), indicating that an increased proportion of Pb at these times was derived from 390
Himalayan weathering products via the Ganges-Brahmaputra (Figure 4 we suggest that our Pb isotope record is predominantly recording significantly elevated 426 continental weathering fluxes during interglacials. In particular, the coincidence with salinity 427 changes in the Bay of Bengal ( and such an environment would likely have been highly sensitive to climatic change. 436
It is worth emphasising one further point, which is that the well-defined binary mixing 437 line in our seawater reconstructions also appears to constrain that the proportions of dissolved 438
Pb derived from the Ganges and Brahmaputra catchments were constant through time ( Figure  439 4). It seems perhaps surprising that the weathering changes described above should have 440 occurred uniformly over such a large spatial scale, although that interpretation has been made 441 for the physical erosion based on detrital sediment provenance (Lupker et al., 2013 (2013) because it does not require that detrital sedimentation rates are known and it does not 471 assume or require a steady state. Therefore, agreement between the two studies suggests that 472 in each case the model assumptions were reasonable to provide a first order reconstruction of 473 weathering fluxes. We further note that using the average value of the Lower Meghna for K 474 depletion, rather than the 0-2 ka sediment core interval used by Lupker et al. (2013) In contrast to the glacial-interglacial changes, there is no evidence for precessional 513 (~23 kyr) or sub-orbital controls on our Pb isotope record, which shows a surprisingly smooth 514 pattern of changes ( Monsoon is expected to influence precipitation patterns in the region, the lack of precessional 523 variability in the Pb isotope record from SK129-CR2 seems a surprising result. 524 We first consider whether precessional and shorter timescale variability in weathering 525 inputs could be smoothed before being recorded in our record. One potential smoothing 526 process could involve sediment recycling and reversible exchange in the floodplains, but 527 recent studies have suggested a short timescale for fine-grained sediment transfer within the 528
Ganges basin, on the order of 0.5-1.5 kyr (Galy and Eglinton, 2011; Lupker et al., 2012). 529 Therefore, such processes should not be responsible for any significant smoothing at the ~3 530 kyr resolution of the SK129-CR2 record. Sea level change could potentially influence the 531 remobilisation of sediments and the dynamics of estuarine and/or delta front particulate-532 dissolved interactions, influencing the transfer of riverine Pb to seawater. However, the Pb 533 isotope record changes closely in phase with the glacial-interglacial climate transitions 534 inferred from benthic oxygen isotopes, with no apparent lag or smoothing on timescales of a 535 few thousand years ( Figure 6 ), suggesting that such a process should not have been capable of 536 obscuring precessional timescale variability if it had been present. 537
In the absence of evidence for smoothing processes on longer than millennial 538 timescales, we consider that the lack of a precessional signature is a real feature of our record. 539
With the exception of the Chinese speleothem records, many previous monsoon 540 reconstructions have been restricted to Termination I, where both precessional and glacial-541 interglacial forcing were combined, whereas the climate evolution in the Himalayan basin 542 over longer timescales remains rather poorly constrained. 
Age model
The age model for SK129-CR2 is constrained by planktonic radiocarbon dates for 0-33 ka BP (Table S1 ), beyond which the benthic foraminiferal C. wuellerstorfi δ 18 O record (Table S2) Table S3 . We note that the LR04 record has an absolute age uncertainty of ~4 kyr over this time period .
Chemical purification and mass spectrometry -complete method details
The Pb fraction was separated using BioRad AG1-X8 anion exchange resin (100-200 µm mesh) in 100 µl Teflon columns in laminar flow hoods using quartz-distilled acids. The columns were washed with 6M HCl and primed with 0.7M HBr before samples were loaded in 0.7M HBr. After washing with 0.7M HBr and 2M HCl, the Pb was eluted in 6M HCl and dried down, before being taken up in 2% HNO 3 for analysis by mass spectrometry. The Pb isotopic composition was analysed on a Nu Plasma multi-collector inductively-coupled plasma mass spectrometer (MC-ICP-MS) in the Department of Earth Sciences at the University of Cambridge. Thallium (Tl) was used as an internal standard to correct for mass fractionation according to an exponential law. The reliability of this approach was optimised by using matrix-and concentration-matched standards and samples , spiking with a constant Pb/Tl ratio (~2) and mixing Pb and Tl immediately prior to analysis (Kamenov et al., 2004) . The mercury (Hg) beam was also monitored at mass 202, allowing for an interference correction for the 204 Hg on 204 Pb using the natural 204 Hg/ 202 Hg ratio, itself corrected for mass fractionation assessed by Tl and using an exponential law. Concentration-matched NIST-SRM-981 Pb standards were measured after approximately every five samples, and a linear correction was applied to all data measured in each analytical session in order to produce agreement with the accepted composition of NIST-SRM-981 Pb (Galer and Abouchami, 1998; . The standard deviation (2σ) of repeat measurements of NIST-SRM-981 measured and Tl-corrected as a sample provides our external reproducibility for samples analysed during each analytical Whereas such contamination from 60-518 cm appears to be occasional and distributed randomly, in the upper section of the core (8-56 cm) the majority of samples appear to deviate away from the binary mixing line, also in a similar direction ( Figure S2 ). This behaviour produces a somewhat spiky time series ( Figure S1 ) and a smaller magnitude of deglacial change for Termination I than for the other glacial-interglacial transitions in the record, especially for 208 Pb/ 204 Pb and 206 Pb/ 204 Pb. These observations are also consistent with anthropogenic contamination. However, the amount of contamination that would be required is considerably larger than can be explained by any of our measured procedural blanks (Section 3.3 of the main text) and there is not such a persistent artifact in the remainder of the leachate record. We therefore suggest that the contamination in the 8-56 cm section of the core likely occurred during coring or core storage and processing, rather than during leaching in the laboratory.
For those samples described above for which we suspect anthropogenic contamination, we have attempted to make a correction by regressing from the Broken Hill composition , which is taken to represent the most likely composition for the anthropogenic contaminant, onto the best-fit binary mixing line through the data from the remaining 76 samples ( Figure S2 ). As can be seen in Figure S1 , the correction is relatively larger for 208 Pb/ 204 Pb and 206 Pb/ 204 Pb than for 207 Pb/ 204 Pb. The corrected data for the 8-56 cm section show a smoother pattern of change across Termination I ( Figure S1 ) and a similar magnitude of glacial-interglacial variability to that observed at previous terminations. For the other six samples suspected to be contaminated, this correction also leads to a significant improvement, since on average the divergence from the temporal patterns of 208 Pb/ 204 Pb and 206 Pb/ 204 Pb defined by the remainder of the data is reduced by ~80 % ( Figure S1 ). The apparent improvement of the corrected data over the raw data in terms of autocorrelation between adjacent samples further supports our suggestion of anthropogenic contamination.
Since we are uncertain of the source or isotopic composition of the contaminant, those six outlying data points ( Figure S1 ) are excluded from further discussion. For the 8-56 cm section of the record, our correction appears reasonably robust and we include the corrected data in Table S5 . Those corrected data from 8-56 cm are plotted in the time series plots, but are not plotted in the Pb-Pb plots because the mixing trend is well defined by the 76 measured data not requiring a correction.
Sediment leaching reproducibility
We tested the effect of sample size during leaching (Wilson et al., 2013) in the case of one glacial sample (328 cm) and one interglacial sample (434 cm) from SK129-CR2 (Table   S4) . At 328 cm, the smaller sample is less radiogenic by ~ 1000 ppm, 350 ppm and 550 ppm for 206 Figure S1 ), which is larger than the measurement uncertainty. The direction of change is consistent with a minor volcanic contamination of the smaller sample, as suggested previously for Nd isotopes (Wilson et al., 2013) , but the magnitude is only ~10 % of the magnitude of glacial-interglacial Pb isotope changes. At 434 cm, the smaller sample is instead more radiogenic than the larger sample ( Figure S1 ), which is not the direction expected for volcanic contamination. Since we suggested that the large sample at 434 cm may have been affected by anthropogenic contamination, it is hard to assess the reproducibility related to sample size in this case. Overall, this sample size test should represent a worst case scenario, and suggests that less than 10 % of the glacial-interglacial variability in the record may be explained by leaching systematics.
In a second test, we used low solution/solid ratios to prevent complete decarbonation before HH leaching on a subset of 9 samples (Table S4 ). There is excellent agreement for Pb isotopes between these data and the remainder of the data measured on decarbonated leachates. Given evidence that the use of low solution/solid ratios is a more reliable approach for deep sea authigenic Nd isotope reconstructions (Wilson et al., 2013) , this good agreement provides further confidence in our Pb isotope reconstruction.
Overall, the above tests suggest a generally reliable recovery of the authigenic Pb isotope signal by sediment leaching in core SK129-CR2, in agreement with a more general mass balance argument that leaching should be more robust for Pb isotopes than for Nd isotopes .
Detrital sediment Pb isotopic composition of the Lower Meghna
Sample BGP 21 was collected from the Lower Meghna during the monsoon period and represents the whole silicate fraction of the suspended load. It was leached with 1 M acetic acid to remove authigenic components before dissolution and measurement of its Pb isotopic composition (Galy and France-Lanord, 2001 
